We next delineated the amino acid sequences of PAK1 required for the interaction with G␤␥. We generated a Results
PAK mutant (PAKN) that lacks the C-terminal 26 amino acids (Figure 2B). This sequence was previously impli-G␤␥-Induced PAK1 Activation Requires PIX␣ cated in binding to G␤␥ based on the interaction beand Cdc42
tween yeast G␤␥ and the yeast PAK homolog Ste20 The chemoattractant C5a can induce rapid activation (Leeuw et al., 1998) . However, PAKN still coimmunoof PAK1 and Cdc42 in primary mouse neutrophils indeprecipitated with G␤␥ ( Figure 2C ). To further delineate pendently of ligand-stimulated production of PIP 3 (see the interaction sequence and confirm the direct interacSupplemental Figure S1 online at http://www.cell.com/ tion of G␤␥ with PAK1, we purified recombinant GSTcgi/content/full/114/2/215/DC1), which has been be-PAK1 and PAK1 fragments ( Figure 2B ) from E. coli and lieved to be an upstream regulator of Cdc42 and PAK.
tested their interactions with G␤1␥2 that was syntheTo elucidate the mechanisms for PAK regulation by chesized in vitro ( Figure 2D ) or purified from SF9 cells inmoattractants, we examined the effect of G␤␥ and an fected with the G␤1 and G␥2 expression baculovirus activated Gi␣ protein on PAK kinase activity in Cos-7 (data not shown). While the C-terminal 26 amino acids cells. While expression of Gi␣ 2 QL, an activated form of (CD) of PAK1 or PBD could not bind to G␤␥ ( Figure 2D , Gi␣ 2 , showed no effect on PAK1 activity (data not shown), lanes 3 and 5), two PAK fragments, N70 and KD (Figure expression of G␤␥ showed slight stimulation of PAK1 2D, lanes 2 and 4), showed strong binding to G␤␥. kinase activity ( Figure 1A, lanes 1 and 2) . More imporThe direct interaction between G␤␥ and PAK1 raised a tantly, a marked increase in PAK kinase activity was possibility that G␤␥ activates PAK1 simply by recruiting observed when Cdc42 and PIX␣ were coexpressed with PAK1 to the plasma membrane, where G␤␥ is normally PAK1 and G␤␥ ( Figure 1A, lane 3) , and this increase is localized. Localization of PAK to the membrane can clearly dependent on G␤␥ ( Figure 1A, lane 4) . Expression activate PAK1 (Galisteo et al., 1996; Lu and Mayer, 1999) . of various combinations of PIX␣, Cdc42, and G␤␥ toAs expected, when a membrane-associated myristoygether with PAK1 revealed that, although many of the lated PAK1 was expressed, more than a 2-fold increase combinations showed some activation of PAK1, a signifin PAK1 activity was detected ( Figure 2E , lanes 1 and icant higher activity was seen only when all four proteins 2). However, coexpression of G␤␥, PIX␣, and Cdc42 were coexpressed ( Figure 1B, lane 11) . Thus, PIX␣, and could further activate this membrane-associated PAK1 Cdc42 are required for optimal activation of PAK1 by by 8-fold, compared to myristylated-PAK1 ( Figure 2E , G␤␥. In addition, a mutant PIX␣ lacking the GEF activity lanes 2 and 6). Thus, G␤␥ does not merely function as failed to stimulate PAK1 ( Figure 1B, lane 12) , suggesting a membrane anchor for PAK1. that PIX␣ functions as a GEF in this pathway.
The effect of coexpression of G␤␥, Cdc42, and PIX␣ on two PAK mutants-PAK ac and PAK kd -was examined.
PAK1 Is Required for Cdc42 Activation by G␤␥ and C5a PAK ac has a substitution of Glu for Thr-423 at the activation loop autophosphorylation site, and PAK kd has a subThe requirement of PIX␣, a GEF, for PAK1 activation by G␤␥ and Cdc42 suggests that Cdc42 may be activated stitution of Arg for the ATP binding residue Lys-299 (Sells et al., 1997). The Glu residue in PAK ac mimics by G␤␥ and PIX␣. Coexpression of G␤1␥2 with PIX␣ and Cdc42 led to a 1-to 1.5-fold increase in Cdc42 activity phosphorylation at this site, which leads to an increase in its kinase activity. As expected, cells expressing the compared to expression of Cdc42 alone ( Figure 3A , Cos-7 cells were transfected with cDNAs as indicated in the figures. For each cDNA, 0.2 g of plasmid were used in each well of a 6-well plate, and the total amount of cDNA was kept at 1 g/well by using a control LacZ plasmid. Kinase assays were carried out 1 day after transfection. All experiments were repeated at least three times. Western analysis of the PAK1 expression level is shown in the top of (B). Kinase activity in (B) was quantified by a phosphoimager. This experiment was carried out in triplicate.
lanes 2 and 4). Surprisingly, expression of PAK1 together PIX␣ Is Required for Cdc42 and PAK1 Activation in Mouse Neutrophils with G␤1␥2, PIX␣, and Cdc42 resulted in a marked (over 6-fold) increase in the level of active Cdc42 ( Figure 3A ,
To validate the role of PIX␣ in chemoattractant-induced activation of PAK1 and Cdc42, we generated a mouse lanes 2 and 5). Thus, in this case PAK1 is not only an effector for Cdc42, it is also required for Cdc42 activaline in which the PIX␣ gene was disrupted by replacement of exons 8 and 9 with a neomycin-resistant gene tion. did flow cytometry analysis of various leukocyte populations reveal defects in hematopoiesis (data not shown). These cells contain intrinsic C5a receptors and can reNeutrophils from the wild-type and PIX␣ null littermates spond to C5a to activate PAK1 and Cdc42 and to unwere isolated, and C5a-induced activation of PAK1 and dergo chemotaxis. We established two RAW274 clones Cdc42 was determined. PIX␣-deficiency blunted the that were stably transfected with a plasmid expressing acute activation of PAK1 by C5a in mouse neutrophils PAK1 siRNA (PAK1pSUPER-GFP). The levels of the ( Figure 3C ) and almost abolished Cdc42 activation by PAK1 protein in clones 7 and 11 are about 20% and 30%, C5a ( Figure 3D ). Thus, PIX␣ plays an important role in respectively, of that in cells transfected with a control chemoattractant-induced activation of Cdc42 and plasmid ( Figure 3B, top) . Cells from both clones showed PAK1. In contrast, PIX␣ deficiency had little effect on marked reduction in C5a-induced Cdc42 activation, C5a-induced Rac activation ( Figure 3D ) or F-actin polywhile Rac activation was hardly affected by PAK1 merization ( Figure 3E ). This is consistent with previous knockdown ( Figure 3B) arc facing the C5a source ( Figure 4C ). Chemotaxis of the two RAW274 clones that were stably transfected with PAK1 pSUPER-GFP showed 39% (clone 7) and 45% (clone 11) migrated to positions within the 120Њ arc (data not shown). In addition, differentiated HL-60 cells transiently transfected with PAK1 pSUPER-GFP also showed a clear loss of directionality compared to cells transfected with the control plasmid or a plasmid producing an siRNA that is two base pairs different from the PAK1 siRNA ( Figure 4E ). It is important to note that for randomly migrating cells, 33% of cells would be expected within this 120Њ arc. In all the above cases, PAK1 siRNA treatment did not affect the translocation rates ( Figures 4D and 4F ), indicating that PAK1 does not play an important role in the regulation of cell motility.
Although reduction in PAK expression leads to a loss of directionality, this result does not necessarily indicate that PAK is an effector of Cdc42 in the pathway that regulates directionality. A previous study showed that a PAK1 sequence composed of residues 83-149 inhibited PAK activation by Cdc42 but without binding to Cdc42 . This sequence, containing the PAK kinase autoinhibitory sequences (Lei et al., 2000), acts presumably by binding to the PAK catalytic site. We expressed this PAK1 sequence as a YFP-fusion protein in differentiated HL-60 and found that cells expressing this sequence lost directionality in the Dunn chamber assay without affecting the translocation rate ( Figure 4E ).
PIX␣ Is Required for Directionality in Chemotaxis
The role of PIX␣ in chemotaxis was investigated using neutrophils isolated from PIX␣-deficient mice. Neutrophil chemotaxis in response to C5a was observed using a Zigmond chamber assay and time lapse videomicroscopy. Close to 70% of neutrophils from the wild-type mice moved toward higher concentrations of chemoattractants, compared to only about 35% of PIX␣-deficient neutrophils (Figures4G-4I). In addition, the lack of PIX␣ does not affect translocation rates ( Figure 4J distributed at leading edges of wild-type chemotaxing neutrophils (Figures 5Ba and 5Bc) . However, in neutroBoth PIX␣-and PI3K␥ null neutrophils showed asymmetric F-actin staining similar to that of wild-type neutrophils that lack PIX␣, localization of P-Akt or F-actin (Figure 5Bb and 5Bd) Figure 5A ). While PI3K␥ deficiency does not affect this reciprocal distribution pattern of PTEN suggesting that CBD staining reflects the localization of activated Cdc42 and confirming that PIX␣ is required and F-actin ( Figure 5A ), this reciprocity of F-actin and PTEN staining patterns was lost in PIX␣-deficient neufor Cdc42 activation. trophils. In the PIX␣-deficient neutrophils, PTEN staining consistently overlapped F-actin staining ( Figure 5A ). We
Roles of PIX␣ and PI3K␥ in Directional Sensing
To understand why PIX␣ null cells can polarize in uniinterpret this result to suggest that PIX␣ is not required for initiation of polarized distribution of F-actin but has form stimulation but fail to polarize and chemotax properly in shallow gradients, we examined the directional an important role in the regulation of PTEN distribution.
In reality, neutrophils have to establish and maintain sensing ability of these neutrophils. Directional sensing can be evaluated by the ability of a previously unstimuthe polarity under shallow gradients in order to carry out persistent chemotaxis. We examined this ability by lated neutrophil to tell from which direction a chemoat-tractant source (i.e., contained in a micropipette near the neutrophil) originates by forming F-actin at the sides of cells proximal to the source, as exemplified by the wild-type neutrophils shown in Figure 6A . In PI3K␥ or PIX␣ mutant neutrophils, formation of F-actin, while still asymmetrically distributed, occurred at various locations irrelevant to the source of the chemoattractant. The differences between the wild-type and mutant cells were quantified and found to be statistically significant (Supplemental Figure S4A) . Thus, only the wild-type neutrophils can effectively sense direction in this assay. The distribution of CBD staining was similarly examined. The CBD staining patterns in wild-type neutrophils were very similar to those of F-actin ( Figure 6B ). Interestingly, PI3K␥ deficiency, although not affecting Cdc42 activation, randomized the localization of active Cdc42 proteins ( Figure 6B ), suggesting that PI3K localizes the activation of Cdc42 by the G␤␥-PAK1/PIX pathway. The fact that CBD staining and F-actin still colocalized in PI3K null neutrophils ( Figure 6C ), despite the loss of polarity regulation by chemoattractants, suggests that active Cdc42 may localize the site of F-actin formation. Likewise, the mutually exclusive distribution pattern of active Cdc42 and PTEN in both wild-type (data not shown) and PI3K␥ null ( Figure 6C ) suggests that activation of Cdc42 leads to exclusion of PTEN from lamellipodia structures. Moreover, the PIX␣ pathway is also required for proper localization of P-Akt because localization of P-Akt was also randomized in neutrophils lacking PIX␣ ( Figure 6D ).
Discussion

Activation of PAK1 and Cdc42 by G␤␥ and Chemoattractants
In this report, we characterized a signaling pathway by which chemoattractants activate Cdc42 in a G␤␥-mediated, PAK1 and PIX␣-dependent manner. Our findings are as follows. (1 release G␤␥ via their cell surface receptors, free G␤␥ exchange activity of PIX␣ has to be activated in this signaling event. However, membrane translocation of binds to PAK1 and brings PAK1-associated PIX␣ to activate Cdc42, which subsequently activates PAK1 kinase the PAK1/PIX␣ complex does not appear to result in PIX activation because myristylated PAK1 could be further activity. This is a highly unusual mechanism in which PAK functions both as an "activator" and effector for activated by G␤␥ ( Figure 2E ). Since PI3K inhibitors could partially inhibit Cdc42 activation in leukocytes (Benard Cdc42.
In yeast, G␤␥ also regulates PAK (Ste20) The wild-type and mutant forms of human PAK1, PIX␣, Cdc42, Hanks buffer. These cells were allowed to settle on a coverslip, and fixed with 100 l of ice cold paraformaldehyde (4%). Coverslips bovine G␤1, and G␥2 were generated by PCR using the high-fidelity thermostable DNA polymerase Pfu (Stratagene, CA). PIXDH conwere incubated on ice for 10 min and stained as described below. tains Leu residues (383-384) to Ala substitution mutations in the DH domain. Epitope tags were introduced into some of molecules as Chemotaxis Chamber Assays indicated in the figures and text. The expression of these molecules For analysis of neutrophil chemotaxis in Zigmond chambers, the was driven by a CMV promoter. All constructs were verified by DNA coverslips, prepared as described above, were placed on a Zigmond sequencing.
chamber (Neuroprobes, Cabin John, MD). Aliquots (0.1 ml) of a solution (Hanks buffer containing a 1:10 dilution of 10% gelatin in H 2 0) were added to one side of the chamber and the same solution Immunoprecipitation, PAK Kinase Assay, and PBD containing C5a (10 Ϫ5 M) was added to the other side (Zigmond, Pull-Down Assay 1988). Analysis of RAW274 and HL-60 chemotaxis were carried out Cells were lysed in the lysis buffer (50 mM HEPES [pH 7.4], 150 mM in Dunn chambers. Cells were also allowed to settle and adhere to NaCl, 15 mM NaF, 2 mM EDTA, 1 mM EGTA, 10% glycerol, 1% coverslips, which were rinsed and placed on a Dunn chamber. The Triton X-100, 20 mM ␤-glycerophosphate, 1 mM orthovanadate, inner well contained Hanks' buffer (0.1 ml), while the outer well 1 mM Sodium pyrophosphate, 10 ug/ml aprotinin, and10 ug/ml leucontained C5a (10 Ϫ5 M) in Hanks buffer. peptin). The cell lysates were subject to high-speed centrifugation.
Time-lapsed videomicroscopy was used to examine cell moveThe supernatants were then incubated with an antibody and 20 l ments in chemotactic chambers. Cells in either chamber were reof protein A/G-Sepharose beads (Santa Cruz Biotech, CA) for 2 hr corded crawling in the absence or presence of C5a gradients. The at 4ЊC. The immunocomplexes were pelleted and washed three microscope was equipped with differential interference contrast optimes with cold lysis buffer in the absence of protease and phosphatics and a 20ϫ objective. Images were captured at 5 s intervals with tase inhibitors. The proteins were released from beads by boiling in a PXL-EEV37 CCD camera (Photometrics, Waterloo, ON Canada) SDS-sample buffer. The samples were analyzed by Western blotting.
and Metamorph imaging software (West Chester, PA). Time-lapsed The results were visualized using a Raytest imaging system with a video images were used to calculate the final position of a cell cooled CCD camera. The PBD pull-down assay was carried out as relative to its starting position, and the data were graphed. Timedescribed previously (Benard et al., 1999) . lapsed videomicroscopy data were also analyzed with the MetaFor kinase assays, PAK proteins were immunoprecipitated as morph software to determine migration parameters as described described above, and the immunocomplexes were washed three previously ( . Following this incubation, separated by SDS-PAGE. G␤ was visualized by exposure to an X-ray cells were washed and coverslips mounted with a drop of Slowfade film or Western analysis using anti-G␤1 antibody. reagent. These samples were then examined using a Zeiss 510 confocal imaging system. Excitation wavelengths of 488 and 568 siRNA Design and Treatment nm and emission filters were used to detect FITC (515-520 nm) and/ A duplexed siRNA targeting the PAK1 mRNA sequence (AAGGTT or rhodamine (590 nm). GACATCTGGTCCCTG) was synthesized by Dharmacon (Lafayette, CO). pSUPER-GFP vector was constructed by inserting into pGFP
